INTRODUCTION
============

Covalent modification of histones plays a vital role in establishing correct patterns of gene expression. Histones are modified by an impressive assortment of moieties that often act in combination to dictate the transcriptional state of a piece of chromatin or to orchestrate other DNA-centric events such as nucleosome assembly and repair of damaged DNA ([@B38]). Acetylation, methylation, phosphorylation, and ubiquitylation of histones together establish a complex epigenetic code ([@B51]) that may be heritable and---by its effect on the transcriptome---can have a profound influence on cellular physiology and development of diseases such as cancer ([@B57]).

One particularly intriguing covalent histone modification is ubiquitylation. Although all four core histones can be ubiquitylated ([@B20]; [@B60]; [@B12]; [@B66]), the best-understood example of this type of modification is histone H2B ubiquitylation (H2B--Ub), which has been studied extensively in the genetically tractable yeast *Saccharomyces cerevisiae* ([@B11]). Monoubiquitylation of H2B at lysine 123 (K123) occurs predominantly in active chromatin ([@B28]) and is catalyzed by a complex containing the Rad6 ubiquitin (Ub)-conjugating enzyme ([@B47]), the Bre1 Ub-protein ligase ([@B25]; [@B62]), and the accessory protein Lge1 ([@B25]), which are recruited to active genes via the concerted action of the Bur1/Bur2 kinase ([@B64]) and Paf1 ([@B63]) complexes. H2B ubiquitylation facilitates transcriptional elongation ([@B44]) and promotes nucleosome stability ([@B10]), whereas its subsequent deubiquitylation is important for multiple steps in transcription, including appropriate RNA polymerase II phosphorylation ([@B65]).

In addition to direct effects on chromatin structure and activity, ubiquitylation of H2B is also required for the methylation of histone H3 ([@B53]), a phenomenon referred to as "histone cross-talk" or "trans-histone" modification ([@B11]). Specifically, ubiquitylation of H2B is required for the dimethylation and trimethylation of H3 at lysine residues 4 (K4) and 79 (K79), which are carried out by the Set1/COMPASS ([@B7]; [@B53]; [@B32]) and Dot1 ([@B41]) methyltransferases, respectively. Consistent with the distribution of H2B--Ub, H3 methylation is a mark of active chromatin and plays an important role in regulating gene activation in response to cryptic transcription ([@B13]; [@B45]).

Perhaps the most prominent role for H3 methylation, however, is the maintenance of gene silencing ([@B41]; [@B53]) at heterochromatic loci. Although H3K4 and H3K79 methylation occur predominantly at active genes, these modifications are absolutely required for heterochromatin silencing, likely because they act as a barrier that prevents the Sir silencing proteins from spreading into euchromatic domains, thereby titrating them away from silent chromatin ([@B11]). Consistent with this notion, the majority of genes dysregulated by loss of Set1 are telomere proximal ([@B58]), although it has recently been found that simultaneous deletion of *SET1* and the histone variant gene *HTZ1*---but not either alone---allows Sir proteins to interact with telomere-distal loci, silencing their expression. Exactly how both *SET1* and *HTZ1* collaborate to perform this antisilencing function is unknown.

Despite our understanding of the connection between H2B ubiquitylation and H3 methylation, little is known of the broad physiological impact of this cross-talk or of the precise role of H3 methylation alone in preventing ectopic silencing of euchromatic genes. To address this deficit, we sought to identify novel phenotypes associated with loss of these modifications. We describe several such phenotypes here, one of which is cell lysis at elevated temperatures, and present data arguing that H3K4---but not K79---methylation plays a critical role in keeping Sir proteins from interacting with, and ectopically silencing, euchromatic genes required for the cellular response to heat.

RESULTS
=======

Novel phenotypes associated with loss of H2B--H3 cross-talk
-----------------------------------------------------------

Cross-talk between H2B ubiquitylation and H3 dimethylation and trimethylation is involved in a number of cellular processes, including transcriptional activation, gene silencing, and repair of damaged DNA ([@B11]). To further illuminate the physiological role of this process, we sought to characterize additional phenotypes associated with loss of these linked modifications.

Previous reports demonstrated that deletion of genes required for H2B ubiquitylation (*BRE1* and *RAD6*) and H3K4 methylation (*SET1*) lead to modest telomere shortening ([@B42]; [@B17]). To ask whether this phenomenon results from loss of H2B--Ub--dependent signaling, we analyzed telomere length in a yeast strain in which the site of H2B ubiquitylation is blocked by substitution with an arginine residue (K123R) and compared the effect of this *cis-*mutation with effects resulting from loss of Rad6, Bre1, Set1, and Dot1 ([Figure 1A](#F1){ref-type="fig"}). Using a PCR-based method ([@B29]) to probe telomere length at the right arm of chromosome VI, we found that the VI--R telomere was roughly 25--50 base pairs shorter than wild type (WT) in all mutant cells examined, with the exception of the *dot1*-null cells, which displayed WT telomere lengths. These effects were also observed with a *cis-*mutation in the site of Set1-dependent methylation on histone H3 (*h3K4R*; [Figure 1A](#F1){ref-type="fig"}) and are clearly independent of the loss of silencing that occurs in K123R mutant cells, as simultaneous disruption of H2B ubiquitylation and deletion of *SIR4* has additive effects on telomere shortening (*K123R*Δ*sir4*; [Figure 1A](#F1){ref-type="fig"}). On the basis of these observations, we conclude that H2B-ubiquitylation--dependent dimethylation and trimethylation of H3K4, but not H3K79, contributes to proper telomere length control in *S. cerevisiae.* Moreover, because of the additive effect of the *K123R* and *Δsir4* mutations on telomere shortening, we conclude that effects of H2B--H3 cross-talk on telomere length are independent of their role in silencing.

![Novel phenotypes associated with loss of H2B--H3 cross-talk. (A) PCR was used to determine VI-R telomere length in *WT* (FGY8.2), *htbK123R* (FGY8.3), *Δrad6* (FGY8.4), *Δbre1* (FGY8.5), *Δset1* (FGY8.6), *Δset1 Δdot1* (FGY8.7), *Δdot1* (FGY8.8), *hht2K4R* (FGY8.17), *htbK123R Δsir4* (FGY8.11), and *Δsir4* (FGY8.10) cells. Note that the congenic *WT* strain for *hht2K4R* (FGY8.18) is different from FGY8.2, which is congenic with all other strains. Representative image of three independent experiments. (B) Fluorescence microscopy analysis, comparing localization of telomere-proximal GFP-LacI (green) vs. Nsp1 (red). Left, representative image of cells, showing those that were scored as GFP-LacI being at the nuclear periphery or the nucleoplasm. Right, quantification of GFP-LacI signals localized to the nuclear periphery for each of the three telomeres in three yeast backgrounds WT (ICY119, ICY123, ICY127), *htbK123R* (ICY120, ICY124, ICY128), and *Δset1* (ICY131, ICY132, ICY133). Error bars indicate standard errors from at least two independent experiments. (C) Fluorescence microscopy analysis, comparing localization of LacO sites integrated proximal to the *GAL1* locus in WT (ICY74) or *Δrad6* (ICY31) cells. Left, representative image of cells, showing those that were scored as GFP-LacI being at the nuclear periphery or the nucleoplasm. Right, quantification of GFP-LacI signals localized to the nuclear periphery in media with either glucose (off) or galactose (on) as the carbon source. Error bars indicate standard errors from at least two biological replicates. (D) ChIP analysis, examining association of NUPs with sequences proximal to the VI-R telomere. ChIP DNA was sampled with two sets of primers: 4040 and 160 base pairs from the TG repeats of VI-R. Error bars indicate standard errors from four independent experiments. (E) Dilutions (1:9) of yeast strains *WT* (FGY8.2), *htbK123R* (FGY8.3), *Δbre1* (FGY8.5), *Δset1* (FGY8.6), and *Δdot1* (FGY8.8) were spotted on YPAD plates and grown for 3 d at either 30 or 37°C.](2741fig1){#F1}

Given that H2B--H3 cross-talk is important for maintenance of telomere length, we next asked whether other aspects of telomere biology are influenced by this process. In yeast, telomeres are clustered and associated with the nuclear periphery ([@B49]), a process that is thought to facilitate silencing by creating local concentrations of silencing proteins at chromosome ends. We therefore asked whether telomere association with the nuclear periphery is disrupted by mutations that disrupt H2B ubiquitylation and H3K4 methylation. For this purpose, we integrated Lac operator (LacO) sites adjacent to telomeres on either the right arm of chromosome VI (VI-R) or the left arms of chromosomes VIII (VIII-L) and XIV (XIV-L). We monitored the location of these sites by expression of a green fluorescent protein (GFP)-LacI fusion protein and scored their location relative to the nuclear periphery ([@B6]), as measured by immunofluorescence visualization of the nuclear pore protein Nsp1 ([Figure 1B](#F1){ref-type="fig"}).

In wild-type yeast, we scored localization of all three telomeres at the nuclear periphery in ∼70--80% of yeast cells examined ([Figure 1B](#F1){ref-type="fig"}, black bars), consistent with previous reports ([@B22]; [@B49]). In the *htbK123R*, and *Δset1* mutants, however, the perinuclear localization of VI-R and VIII-L was reduced to roughly 50%. This phenotype was strongest in the *htbK123R* (p = 0.001 for VI-R and p = 0.015 for VIII-L using two-tailed *t* test) and *set1*Δ mutants (p = 0.002 for VI-R and p = 0.005 for VIII-L), indicating that these telomeres disengage from the nuclear periphery in the absence of H2B ubiquitylation and H3K4 methylation. Similar results were obtained in *rad6* cells (unpublished data). Of interest, the effect of disrupting the H2B--H3 nexus on localization is telomere specific, as XIV-L remained associated with the nuclear periphery in all strains examined ([Figure 1B](#F1){ref-type="fig"}) and appears to be confined to telomeric chromatin, as association of the active *GAL1* gene with the perinuclear space ([@B9]) is not affected by loss of H2B ubiquitylation ([Figure 1C](#F1){ref-type="fig"}). Chromatin immunoprecipitation (ChIP) confirmed that telomere VI-R fails to associate robustly with nuclear pore proteins in the *htbK123R* and Δ*set1* cells ([Figure 1D](#F1){ref-type="fig"}). On the basis of these data, we conclude that H2B ubiquitylation and H3K4 methylation are required for the association of a specific subset of telomeres with the periphery of the nucleus.

Finally, we sought to identify a phenotype associated with loss of H2B--H3 cross-talk that might be amenable to genetic screening. We tested viability of *htbK123R* mutant yeast under a variety of conditions and observed that, when placed at elevated temperatures (37°C), *htbK123R* cells fail to proliferate ([Figure 1E](#F1){ref-type="fig"}). This phenotype was not strain specific, as it was also observed in *htbK123R* mutant yeast with a different genetic background (unpublished data). Of importance, we also found that a failure to grow at elevated temperature was shared by congenic yeast lacking *BRE1* and *SET1* but not in yeast deleted for *DOT1* ([Figure 1E](#F1){ref-type="fig"}), supporting the notion that H2B-dependent H3K4 methylation is required for survival of yeast at elevated temperatures. The robust and simple nature of this phenotype gave us the opportunity to genetically interrogate the contribution of H2B--H3 cross-talk to yeast cell physiology.

Isolation of high-copy suppressors of the *htbK123R* mutation
-------------------------------------------------------------

Before beginning a genetic screen, we first asked why *htb1K123R* mutant yeast fail to proliferate at 37°C. We observed that *htb1K123R* cells lyse at the restrictive temperature (unpublished data), a phenotype characteristic of mutations in the cell wall integrity (CWI) pathway ([@B33]). Consistent with other CWI mutants, the temperature sensitivity of *htb1K123R* and Δ*set1* cells was osmoremedial and was rescued by growth of yeast on media containing 1 M sorbitol ([Figure 2A](#F2){ref-type="fig"}). From this preliminary analysis, we conclude that loss of H2B--H3 cross-talk affects cellular integrity, most likely via defects in CWI and the response to osmotic and heat stresses.

![Suppression of heat-sensitive phenotype of *htbK123R* cells. (A) Dilutions (1:9) of yeast strains *WT* (FGY8.2), *htbK123R* (FGY8.3), or *Δset1* (FGY8.6) were spotted onto either YPAD or YPAD containing 1 M sorbitol and grown for 3 d at either 30 or 37°C. (B) Spotting assay was performed on either *WT* yeast (FGY8.2) or on *htbK123R* cells (FGY8.3) that were untransformed, carried an empty pVV215 vector (vector), or carried a pVV215-based vector expressing the indicated open reading frames (ORFs). Wild-type *HTB1* and *HTB2* are not included here. (C) Reverse-transcriptase quantitative PCR was used to measure transcript levels from the normally silent *YFR057W* locus in the same yeast strains described in B. *YFR057W* cDNA levels were normalized to those of ACT1. Error bars show standard errors from three independent experiments.](2741fig2){#F2}

Because CWI mutants have been subject to extensive analysis by high-copy suppression strategies ([@B33]), we performed an overexpression screen for yeast genes capable of rescuing the temperature-sensitive-growth phenotype of *htb1K123R* cells. For this purpose, we used the recently developed systematic high-copy-array library ([@B27]), in which tiled ∼10-kb segments of the genome are carried on high-copy (2 μM) plasmids, permitting comprehensive screening of \>95% of the yeast genome. We identified and validated 15 suppressor clones from this library, carrying a total of 72 genes. Each of these clones suppressed temperature-sensitive growth of both *htbK123R* and Δ*set1* cells (unpublished data), supporting an intimate connection between H2B ubiquitylation and H3K4 methylation in the ability of yeast to grow at elevated temperatures. We subsequently analyzed all 72 genes individually for their ability to suppress the growth phenotype of *htbK123R* cells (unpublished data) and found that each clone contained just one gene capable of suppressing the phenotype when overexpressed ([Figure 2B](#F2){ref-type="fig"}), resulting in a total of 15 high-copy suppressors of the *htbK123R* mutation.

Analysis of these suppressors ([Table 1](#T1){ref-type="table"}) allowed us to place them into three categories. First, as expected, each copy of the wild-type H2B gene (*HTB1* and *HTB2*) was capable of rescuing defects associated with the K123R mutation, confirming that temperature-sensitive growth of *htbK123R* cells was due to the lysine-to-arginine substitution at K123 in H2B. Second, 11 of the suppressors either had direct links to the cell wall integrity pathway or are flagged as being important for the response to osmotic or heat stress, consistent with the nature of the phenotype under investigation. Finally, two of the suppressors---*STE13 and SIR4*---were not readily linked to cell wall integrity or the stress response. *STE13* encodes a Golgi-associated dipeptidyl-aminopeptidase required for α-factor maturation ([@B2]; [@B26]), whereas *SIR4*, as discussed, encodes a silent information regulator ([@B46]) that, together with Sir2 and Sir3, assembles silent chromatin at telomeres and the mating-type loci. Despite the links between Sir4 and silencing, the suppression did not appear to result from alterations in telomeric silencing, as none of the suppressors---with the exception of the wild-type H2B genes---restored transcriptional suppression at the telomere-proximal *YFR057W* gene ([Figure 2C](#F2){ref-type="fig"}). Finally, we note that none of the suppressors---again with the exception of wild-type H2B genes---restored H3K4 or H3K79 methylation in *htbK123R* yeast (unpublished data), revealing that their effects on resistance to heat are exerted downstream of H2B--H3 cross-talk.

###### 

High-copy suppressors of *htbK123R* temperature sensitivity.

  Suppressor   Molecular function                                                                                       Relevant physiological role
  ------------ -------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------
  *HTB1*       Histone H2B                                                                                              Chromatin
  *HTB2*       Histone H2B                                                                                              Chromatin
  *WSC2*       Sensor transducer of the stress-activated protein kinase C--mitogen-activated protein kinase-1 pathway   Cell wall integrity
  *ROM1*       GDP/GTP exchange protein                                                                                 Cell wall integrity
  *PKC1*       Protein kinase C                                                                                         Cell wall integrity
  *PER1*       Activates glycosylphosphatidylinositol-phospholipase A2 in the endoplasmic reticulum                     Cell wall integrity
  *SSD1*       RNA-binding protein                                                                                      Cell wall integrity
  *FEN2*       Plasma membrane H^+^-pantothenate symporter                                                              Cell wall integrity
  *MKS1*       Negative transcriptional regulator                                                                       Cell wall integrity
  *CHA1*       [l]{.smallcaps}-Serine ([l]{.smallcaps}-threonine) deaminase                                             Transcriptional target of cell wall integrity pathway
  *SKT5*       Activator of chitin synthase III                                                                         Response to osmotic stress
  *SCS7*       Sphingolipid α-hydroxylase                                                                               Membrane synthesis; osmotic stress
  *SLZ1*       Leucine-zipper protein                                                                                   Resistance to heat stress
  *STE13*      Dipeptidyl-aminopeptidase                                                                                Regulates α-factor maturation
  *SIR4*       Silent information regulator                                                                             Assembly of silent chromatin at telomeres and mating-type loci

Results of this screen support the notion that H2B--H3 cross-talk is involved in the maintenance of cell wall integrity and the cellular response to heat or osmotic stress. The results also reveal a novel role for *STE13* in this response and suggest that interactions between H3K4 methylation and the Sir4 protein---independent of silencing---are also involved in these processes. Because of the established connections between H3K4 methylation and silent information regulators, we chose to investigate the mechanism through which overexpression of Sir4 rescues the growth of *htbK123R* and Δ*set1* yeast at elevated temperatures.

Loss of Sir protein function rescues growth defects of *htbK123R* mutant yeast
------------------------------------------------------------------------------

One explanation for how overexpression of Sir4 rescues the temperature sensitivity of *htbK123R* yeast ([Figure 2B](#F2){ref-type="fig"}) would be that, at high levels, Sir4 tempers the expression of a gene or set of genes that inhibit growth at 37°C. Alternatively, as overproduction of Sir4 has been shown to inhibit silencing ([@B35]), likely via titration of members of the Sir complex away from chromatin, it was also possible that Sir4 suppresses the K123R mutation via antagonistic effects on Sir activity. To distinguish between these possibilities, we asked whether the silencing function of Sir4 is required for suppression of the K123R phenotype. We expressed in *htbK123R* cells a silencing-deficient carboxy-terminal fragment of Sir4 (*SIR4--CTERM*) that has been shown to dominantly inhibit Sir repression in vivo ([@B36]). This analysis ([Figure 3](#F3){ref-type="fig"}) showed that *SIR4--CTERM* efficiently suppressed temperature-sensitive growth of *htbK123R* mutant yeast, suggesting that inactivation of SIR function is the basis through which the high-copy Sir4 suppression occurs. To test this notion directly, we examined genetic interactions between the *htbK123R* allele and the SIR genes ([Figure 3](#F3){ref-type="fig"}). Deletion of either *SIR2*, *SIR3*, or *SIR4* alone had no effect on the viability of yeast at 37°C, providing further evidence that it is not loss of silencing per se that leads to a failure of *htbK123R* or *Δset1* cells to grow at elevated temperatures. When we combined these deletions with the *htbK123R* mutation, however, we found that all three double mutants were able to grow robustly at 37°C, demonstrating that deletion of SIR genes is epistatic to disruption of H2B ubiquitylation. We also found that deletion of *SIR4* suppressed the temperature sensitivity of Δ*set1* yeast, suggesting that its actions are directed against H3K4 methylation. Together, these results demonstrate that inactivation of the SIR complex is a bona fide way to suppress growth defects associated with loss of H2B--H3 cross-talk.

![Loss of SIR function rescues the heat-sensitive phenotype of *htbK123R* and *Δset1* cells. Dilutions 1:9 of yeast were plated on YPAD and grown for 3 d at either 30 or 37°C. Strains used here are *WT* (FGY8.2), *htbK123R* (FGY8.3), *htbK123R Δsir4* (FGY8.11), *Δsir4* (FGY8.10), *Δsir2* (FGY8.12), *htbK123R Δsir2* (FGY8.13), *Δsir3* (FGY8.14), *htbK123R Δsir3* (FGY8.15), *Δset1 Δsir4* (FGY8.16), and *Δset1* (FGY8.6). To analyze the effects of expressing a dominant-negative version of Sir4 (SIR4--CTERM), *htbK123R* cells (FGY8.3) carried a pVV214-based plasmid expressing the carboxy-terminal 167 residues of Sir4.](2741fig3){#F3}

Ectopic silencing of telomere-distal genes occurs in the absence of H2B ubiquitylation
--------------------------------------------------------------------------------------

How does disruption of SIR function suppress growth defects associated with loss of H2B ubiquitylation? Given that SIR proteins have recently been found to inhibit transcription of a set of euchromatic genes in the absence of *SET1* and *HTZ1* (but not either individually \[ [@B58]\]), we speculated that there might be a subset of genes inhibited by loss of H3K4 methylation alone, and that SIR-dependent suppression of these genes is responsible for the failure of *htbK123R* and Δ*set1* yeast to grow at elevated temperatures. To test this notion, we used RNA sequencing (RNA-seq) ([@B40]) to compare transcriptomes of four yeast strains---*WT*, *htbK123R*, Δ*sir4*, and *htbK123R Δsir4*---specifically looking for genes whose expression is decreased by the K123R mutation but reactivated by loss of Sir4.

We obtained 3.1 M unique (nonribosomal) reads for the *WT* and *htbK123R* strains, 2.6 M reads for the Δ*sir4* mutant, and 3.5 M reads for *htbK123R Δsir4* mutant cells. DEGseq software ([@B59]) was used to identify differentially expressed genes between the different mutants with a significance cutoff of p \< 0.001. The reads per kilobase of open reading frame per million reads (RPKM) was used to quantify transcript level changes between the different stains. Using this approach, we identified a total of 1361 genes differentially expressed in the *htbK123R* mutants, compared with wild type, 109 of which are altered by more than twofold (Supplemental Table S1). Thirty of these genes overlap with results of previous microarray analysis of *K123R* cells ([@B39]). In *sir4*-null cells, we found that 1266 genes were deregulated compared with wild type, with expression of a total of 157 genes differing by more than twofold between the strains (Supplemental Table S2). In *htbk123R Δsir4* cells, we saw the most pronounced changes in transcript levels, with 1347 genes statistically different from *WT* cells, 287 of which differed by a factor of two or more (Supplemental Table S3). In all cases, differentially expressed genes were distributed throughout the genome (unpublished data), highlighting the broad impact of H2B ubiquitylation, and SIR protein function, on patterns of gene transcription in yeast cells.

To identify genes that are affected by loss of H2B ubiquitylation and subsequently affected by deletion of *SIR4*, we compared genes that are differentially expressed in *htbK123R* mutants, relative to WT, with those that are differentially expressed in *htbK123R Δsir4* cells, relative to the *htbK123R* mutant. As diagrammed in [Figure 4, A and B](#F4){ref-type="fig"}, this comparison yielded a set of 576 genes (Supplemental Table S4), which could be grouped into four categories as follows. Category 1, expression increased in *htbk123R* cells and further increased upon deletion of *SIR4* (112; [Figure 4B](#F4){ref-type="fig"}, top right). Category 2, expression increased in *htbk123R* cells and decreased upon deletion of *SIR4* (183; [Figure 4B](#F4){ref-type="fig"}, bottom right). Category 3, expression decreased in *htbk123R* cells and decreased further upon deletion of *SIR4* (67; [Figure 4B](#F4){ref-type="fig"}, bottom left). Category 4, expression decreased in *htbk123R* cells and increased by deletion of *SIR4* (214; [Figure 4B](#F4){ref-type="fig"}, top left). These data are represented in heat map format in Supplemental Figure S1. Because we were specifically interested in testing the notion that a set of genes involved in growth at 37°C are ectopically suppressed by Sirs in the absence of H2B ubiquitylation, we focused our subsequent analysis on those 214 genes in category 4---genes whose expression is inhibited by the *K123R* mutation but subsequently restored by loss of Sir4.

![Comparative transcriptomics reveals a set of euchromatic genes suppressed by Sir4 in the absence of H2B ubiquitylation. RNA sequencing was performed on yeast strains *WT* (FGY8.2), *htbK123R* (FGY8.3), *Δsir4* (FGY8.10), and *htbK123R Δsir4* (FGY8.11) and transcript levels expressed as RPKM values. (A) Venn diagram, comparing the 1361 genes differentially expressed between *WT* and *htbK123R* cells, and the 1347 genes differentially expressed between *htbK123R* and *htbK123R Δsir4* cells. A total 576 of these genes overlap. (B). Scatterplot comparing the relative expression of the 576 genes highlighted in A. Category 4 genes (top left) are those whose expression is decreased in *htbK123R* cells but increased upon subsequent deletion of *SIR4*. (C) Histogram of the fraction of category 4 genes as a function of their distance to the nearest telomere. The red line shows the cumulative fraction of category 4 genes as a function from distance to the nearest telomere. The green line indicates that 25% of category 4 genes lie within 100 kb of a telomere.](2741fig4){#F4}

We analyzed the confirmed and predicted physiological roles of genes in category 4 by querying their Gene Ontology (GO) annotations ([@B16]). This analysis ([Table 2](#T2){ref-type="table"}) revealed highly significant enrichment of category 4 genes in 10 GO terms, three of which were directly relevant to the temperature-sensitive phenotype under consideration: 1) response to temperature stimulus, 2) response to heat, and 3) cellular response to heat. Twenty-nine category 4 genes are linked to the cellular response to heat, and no significant enrichment in these heat-related GO terms were observed in categories 1--3 (unpublished data), indicating a unique involvement of the interaction between H2B ubiquitylation and SIR4 regulation in the physiological response of yeast to elevated temperatures.

###### 

GO terms for category 4 genes.

  Gene ontology term                                                 p value    Gene list
  ------------------------------------------------------------------ ---------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Generation of precursor metabolites and energy (GO:0006091)        1.95E-11   MRPL22, NDI1, CYC7, MAM33, HOR2, RSM24, IDH2, ENO1, COX11, PYK2, ACO1, TPS2, FRE1, IDH1, UGP1, TRX2, GCR1, PGM2, CYB5, RIP1, QCR7, TPI1, GLC3, CIT2, MRPL1, APT2, EMI2, YLR345W, ADH4, PIG2, NDE1, SHP1, GLC8, MDH1, GLK1, RMD9, MRPS35, GPM1, COQ5
  Energy derivation by oxidation of organic compounds (GO:0015980)   6.30E-09   NDI1, MRPL22, CYC7, MAM33, HOR2, RSM24, IDH2, COX11, ACO1, TPS1, IDH1, UGP1, PGM2, RIP1, QCR7, GLC3, CIT2, EMI2, MRPL1, ADH4, PIG2, NDE1, SHP1, GLC8, MDH1, RMD9, MRPS35, COQ5
  Oxidation reduction (GO:0055114)                                   6.30E-09   YIR035C, YDL124W, GOR1, PHB2, NDI1, CYC7, CBR1, GPD1, IDH2, FRE1, IDH1, MCR1, YHB1, RSM26, TRX2, CYB5, RIP1, ARA1, QCR7, FET3, AHP1, IMD2, GRE2, YME2, BDH1, ERG4, ATP2, ADH4, NDE1, ZWF11, PIC2, CPR3, MDH1,CTT1, PHB1, DLD2, ERG3, ERG11, LEU2, COQ5
  Response to temperature stimulus (GO:0009266)                      5.30E-08   AHA1, GOR1, CYC7, TPS2, YMR090W, TSL1, TPS1, PNC1, YBR056W, GAD1, UBI4, PGM2, ARA1, YDC1, BDH1, HSP42, NBP2, MRPS16, YLR345W, SSA1, YDL124W, GLK1, STF2, CTT1, LSP1, MSC1, HSP104, YAP1, CPR6
  Mitochondrion organization (GO:0007005)                            1.83E-07   PHB2, MAS2, MRPL22, MEF1, MRPS5, RSM24, YTA12, HSP82, TIM54, ACO1, Mas1, RSM26, MDM35, MRPS18, RPN11, QCR7, MIA40, NAM9, YME2, TIM9, MRP17, RSM25, MRPS16, MRPL1, COA1, SSA1, MRF1, PHB1, MRPS35, MRPL15, CLU1, TIM17
  Vacuolar protein catabolic process (GO:0007039)                    5.62E-07   YDC1, DCS2, GLC3, PEP4, PIG2, PIC2, TSL1, TPS1, CTT1, STF2, NMA2, GLK1, UGP1, HSP104, GGA1, TRX2, GAD1, PGM2, ARA1
  Response to heat (GO:0009408)                                      6.52E-07   AHA1, GOR1, CYC7, YMR090W, TPS1, TSL1, PNC1, YBR056W, GAD1, UBI4, ARA1, YDC1, BDH1, MRPS16, NBP2, YLR345W, SSA1, GLK1, YDL124W, STF2, CTT1, MSC1, HSP104, LSP1, YAP1, CPR6
  Alcohol metabolic process (GO:0006066)                             1.30E-06   YLR345W, SEC53, GPD1, HOR2, NSG1, ENO1, PYK2, UGP1, MCR1, CYB5, GCR1, PGM2, TPI1, GRE2, BDH1, EMI2, ERG4, ADH4, OSH7, ERG8, NDE1, ZWF1, MDH1, GLK1, IDI1, ERG3, ERG11, GPM1
  Response to abiotic stimulus (GO:0009628)                          2.02E-06   GOR1, AHA1, CYC7, MSN1, HOR2, GPD1, TPS2, HSP82, YMR090W, TSL1, TPS1, PNC1, YBR056W, GAD1, UBI4, PGM2, ARA1, YDC1, BDH1, HSP42, NBP2, MRPS16, YLR345W, SSA1, YDL124W, GLK1, STF2, CTT1, LSP1, MSC1, HSP104, YAP1, CPR6, AIP1
  Cellular response to heat (GO:0034605)                             2.09E-05   YLR345W, YMR090W, YDL124W, YBR056W, GOR1, AHA1, BDH1, CYC7, MRPS16, SSA1, TSL1, TPS1, CTT1, STF2, GLK1, HSP104, MSC1, PNC1, UBI4, GAD1, ARA1, CPR6

Finally, because loss of H2B ubiquitylation/H3K4 methylation would be expected to predominantly influence the expression of telomere-proximal genes (by spreading of SIR proteins from telomeres into adjacent chromatin), we examined the genomic localization of all genes in category 4 ([Figure 4C](#F4){ref-type="fig"}). Although we did find a significant number of telomere-proximal genes in this category, we were surprised to learn that more than 75% of genes in this category are located more that 100 kb away from the nearest telomere, with a handful of genes located more that 500 kb from a chromosome end. The profound bias of category 4 genes away from telomeres indicates that a significant role of H2B ubiquitylation is to prevent silencing proteins from limiting expression of euchromatic genes.

Ectopic association of Sir proteins with euchromatic genes
----------------------------------------------------------

Given the known function of Sir proteins as transcriptional silencers, the simplest interpretation of our RNA-seq data is that, in the absence of H2B--H3 cross-talk, Sir proteins can ectopically associate with category 4 genes, attenuating their expression. To test this concept, we used DNA adenine methyltransferase identification (DamID) ([@B56]) to probe the association of Sir3 and Sir4 with select loci in congenic *WT* or Δ*set1* yeast cells. In this procedure, Sir3 and Sir4 are fused to the *Escherichia coli* DNA adenine methyltransferase, with the result being that DNA sequences that encounter Sir proteins become methylated, which can then be detected by cleavage of DNA with a methylation-sensitive restriction enzyme. We selected this method because it has previously been shown to provide a sensitive and robust readout of the interaction of Sir proteins with euchromatic chromatin in the absence of both *SET1* and *HTZ1* ([@B58]).

For this analysis, we selected three types of target sequences for analysis: 1) telomere-proximal sites---telomere VI-R (tVI-R) and *YCL074W,* which is located ∼4 kb from telomere III-L); 2) a category 2 gene---*ALD6*, whose expression was increased in the *htbK123R* mutant cells and subsequently decreased in the *htbK123R Δsir4* double mutants; and 3) two category 4 genes---*GRE2*, which is located 43 kb from the left arm of chromosome XV and encodes a stress-induced methylglycoxal reductase, and *CTT1*, which is located 435 kb from the right arm of chromosome VII and encodes a cytosolic catalase required for resistance to heat and osmotic stress ([@B61]). Results of these experiments are presented in [Figure 5A](#F5){ref-type="fig"}. As expected, telomere-proximal sites tVI-R and *YCL074W* showed reduced association with both Sir3 and Sir4 in Δ*set1* cells, consistent with the idea that silencing proteins move away from heterochromatic domains when H3K4 methylation is lost ([@B11]). At *ALD6*, loss of Set1 had no detectable effect on association with either Sir protein, demonstrating that differences we see in Sir3 and Sir4 binding are locus specific. Finally, at both category 4 genes (*GRE2* and *CTT1*) we observed significant (p \< 0.05) enrichment of both Sir3 and Sir4 in the absence of Set1, demonstrating that Sir proteins do interact with genes whose expression is attenuated when H3K4 methylation is lost. Moreover, we surveyed available sites within the *CTT1* gene and found that enrichment of both Sir2 and Sir3 is greatest within the 5′ nontranscribed region of this locus ([Figure 5B](#F5){ref-type="fig"}), again supporting the concept that, in the absence of H3K4 methylation, Sir proteins limit expression of this gene.

![Ectopic association of Sir3 and Sir4 with category 4 genes in the absence of H3K4 methylation. DamID chromatin profiling was performed on cells expressing Sir3-Dam or Sir4-Dam fusion proteins in an otherwise WT (black bars) or *Δset1* (open bars) background. The percentage of methylated DNA was determined by using real-time PCR---with primers that flank candidate methylation sites---to compare relative signals for each amplicon in digested vs. undigested DNA. The percentage of methylation by Sir3-Dam or Sir4-Dam in each strain was normalized to their respective strain expressing the unfused Dam protein. Strains YM2302, YM2312, YM2304, YM2313, YM2306, and YM2314 were used in these experiments. (A) DamID comparison of Sir3 and Sir4 association with the promoter regions of the indicated genes. (B) DamID comparison of Sir3-Dam and Sir4-Dam association with candidate methylation sites \[amplicons A (−964 to −836), B (−344 to −266), and C (+541 to +642) across the *CTT1* gene; *CTT1* is a category 4 gene involved in the cellular response to heat. Error bars show standard errors from three independent experiments.](2741fig5){#F5}

On the basis on these data, we conclude that H3K4 methylation plays a role in preventing the inappropriate association of silencing proteins with select euchromatic loci. In addition, on the basis of the phenotypes we observe, the nature of our high-copy suppressors, and the predicted function of category 4 genes, we posit that a cohort of these ectopically regulated genes is involved in the cellular response to heat or osmotic stress.

DISCUSSION
==========

To understand better the breadth of the role of H2B--H3 cross-talk in yeast cell physiology, we sought to characterize atypical phenotypes associated with loss of H2B ubiquitylation and H3K4 methylation. We found that, in the absence of these modifications, select telomeres fail to associate with the nuclear periphery and shorten. We also found that yeast deficient in these modifications lyse at elevated temperatures, and we presented evidence that this phenotype results from Sir-dependent silencing of euchromatic heat- and stress-related genes in the absence of H3K4 methylation. Our data underscore the widespread impact of H2B--H3 cross-talk on yeast cell biology and indicate the role of H3K4 methylation in stemming the ectopic silencing of euchromatic genes.

We do not understand why telomeres in these yeast are deregulated as we have described. It is possible that the two phenotypes we describe---telomere deanchoring and shortening---are connected, as other mutations that disengage telomeres from the nuclear periphery, such as deletion of *YKU70* ([@B50]), can result in telomere shortening. If this notion is correct, it implies that the primary effect of loss of H3K4 methylation is to weaken interactions that link telomeres to the nuclear rim. Although there is a role for Sir4 and silencing complexes in telomere tethering ([@B54]) and length maintenance ([@B43]), we note that the K123R mutation and deletion of *SIR4* have additive effects on telomere shortening ([Figure 1A](#F1){ref-type="fig"}), suggesting that H2B ubiquitylation exerts its effects on these processes in a manner independent of Sirs and therefore independent of its effects on telomeric silencing. One possibility is that, in the absence of H2B ubiquitylation or H3K4 methylation, a subset of euchromatic genes required for appropriate telomere maintenance is deregulated, resulting in loss of tethering of select telomeres and shortening of the repeats. We examined gene expression profiles in *htbK123R* cells and were unable to find any genes that are deregulated more than twofold that could cause such phenotypes. We did observe that expression of the telomere-related gene *RIF2* ([@B23]) is reduced twofold in *htbK123R* cells, but if anything this perturbation should have the opposite effect on telomere length, as Rif2 acts to limit telomere elongation ([@B23]). Further investigation into the mechanism through which telomeres are perturbed in cells deficient for H2B--Ub and H3K4 methylation is required to resolve this issue.

Regardless of mechanism, however, our data on H2B--H3 cross-talk and telomere maintenance do illuminate another way in which these modifications affect the state of heterochromatic domains. Clustering of telomeres, and their tethering to the nuclear periphery, has been proposed to facilitate silencing by creating high local concentrations of silencing factors at telomere ends ([@B49]). The finding that tethering at select telomeres is disrupted in *htbK123R* and *Δset1* cells ([Figure 1B](#F1){ref-type="fig"}) indicates that H2B--H3 cross-talk enforces silencing through at least two distinct processes---the previously described pathway that prevents Sirs from "creeping" away from telomeres ([@B11]), and the process we describe here, which physically constrains telomeres to subnuclear sites where silencing proteins are concentrated.

In this study, we focused primarily on the temperature sensitivity of *htbK123R* and Δ*set1* yeast, as this phenotype was robust and gave us the opportunity to genetically interrogate the basis for cell lysis at elevated temperatures. Our high-copy suppression screen identified 13 novel dosage suppressors of both the *htbK123R* and Δ*set1* mutations ([Table 1](#T1){ref-type="table"}), 11 of which have established links to either cell wall integrity or the response to heat or osmotic stress. We note that none of the suppressors restored H3K4 methylation (unpublished data) and that none of them was appreciably down-regulated in the presence of the *htbK123R* mutation (unpublished data), suggesting that they act downstream of genes directly affected by loss of H2B--H3 cross-talk. We assume that the 11 suppressors in this category rescue growth of *htbK123R* and Δ*set1* cells by fortifying yeast for growth at elevated temperatures. STE13, another suppressor, is not flagged as being important for cell wall integrity or related processes, and *ste13*-null cells do not exhibit temperature-sensitive growth (unpublished data), suggesting that its mechanism of suppression is different from that of the majority of suppressors we identified. Nonetheless, the ability to link 11/13 suppressors to cell wall integrity and the response to stress highlights the importance of H2B--H3 cross-talk to regulation of genes required for these processes.

Given the established links between Sirs and H2B--H3 cross-talk ([@B11]), we focused subsequent efforts on the remaining suppressor Sir4. We showed that dosage suppression by Sir4 is likely due to inactivation of authentic Sir complexes, and we went on to identify a set of 214 genes (category 4) whose expression is attenuated by loss of H2B ubiquitylation and subsequently restored by deletion of *SIR4*. Many of these genes are involved in the cellular response to heat, and the majority are located more than 100 kb from the nearest telomere. Of importance, we found that both Sir3 and Sir4 associate with representative category 4 genes when H3K4 methylation is lost, implying a direct role for Sir proteins in ectopic repression of this class of genes in the absence of H2B--H3 cross-talk. On the basis of these observations, we present a model ([Figure 6](#F6){ref-type="fig"}) in which the antagonistic relationship between H3K4 methylation and Sir proteins ([@B48]) serves two important functions. First, as previously described ([@B11]), H3 methylation acts at telomere-proximal sites to restrict spreading of Sir complexes away from telomeric heterochromatin, thereby maintaining subtelomeric chromatin in its repressed state (a process that may also be facilitated, as described earlier, by the influence of H3K4 methylation on telomere association with the nuclear periphery). Second, we propose that H3K4 methylation also acts within euchromatic regions to repel Sir complexes and prevent them from association with, and ectopic silencing of, active genes, a subset of which is involved in the cellular response to heat. In this way, the dual action of H3K4 methylation at both heterochromatin and euchromatin acts globally to dictate appropriate patterns of Sir protein association across the entire genome. De novo motif analysis failed to identify common sequence elements in category 4 genes (unpublished data), suggesting that recruitment of Sir proteins to these genes is mediated either by multiple elements or by some epigenetic phenomenon.

![Model for ectopic silencing of euchromatic genes in the absence of H2B--H3 cross-talk. In WT cells, H3K4 methylation at subtelomeric and genome-wide euchromatin keeps Sir proteins localized to telomeric heterochromatin and prevents them from associating from transcribed genes. In the absence of H3K4 methylation (as occurs in *htbK123R* and *Δset1* cells), Sir proteins dissociate from the telomeres, leading to activation of subtelomeric genes (e.g., gene A) and their ectopic association with select euchromatic genes (e.g., gene D), silencing their expression. In this model, gene D would correspond to a category 4 gene.](2741fig6){#F6}

Finally, we note that the ability of Sir proteins to silence euchromatic genes reveals an important role for H3K4 methylation in maintaining the transcription state of active genes, by preventing ectopic silencing of recently transcribed loci. By extension, it is also possible that selective loss of H3K4 methylation at Sir-susceptible genes could be a mechanism through which expression of select genes could be actively shut down in response to specific signals or during certain states or processes. The negative influence of Sir proteins on active genes, and determination of what renders a gene sensitive to ectopic Sir action, is an area warranting further investigation.

MATERIALS AND METHODS
=====================

Yeast strains, plasmids, and growth conditions
----------------------------------------------

Yeast strains used in this study are listed in [Table 3](#T3){ref-type="table"}. Standard media and growth conditions were used throughout. The majority of experiments were performed in strains derived from FGY8.2 (*Δhtb1Δhtb2*), in which *HTB1* is expressed from a single-copy plasmid under the control of its own promoter ([@B18]). Deletion mutants were made by PCR-based gene targeting using auxotrophic (*LEU2*, *klTRP*, *URA3*) or dominant resistance markers (*KANMX* and *NATMX4*) ([@B34]; [@B21]). The 5′ and the 3′ oligonucleotide primers were designed to flank the transcriptional start site and the end of the coding region, respectively. Correct transformants were identified by PCR, screening for 1) loss of targeted gene sequences and 2) integration of targeting cassette at the correct genomic locus. To determine the effects of mutating lysine 4 of histone H3 to arginine (*hhtK4R*) on telomere length, plasmid pQQ18---which carries the genomic fragments of *HTA1-HTB1* and *HHF2-HHT2* in the pRS315 (LEU) vector ([@B1])---was first modified by introduction of the *hhtK4R* mutation via QuikChange XL Site Directed Mutagenesis Kit (Stratagene, Santa Clara, CA) to produce the plasmid pQQ18-*hht2--K4R*. Then pQQ18 and pQQ18-*hht2--K4R* were individually transformed into strain JHY205 ([@B1]), and plasmid shuffling was used to remove the plasmid expressing wild-type histones. Primer sequences are available on request.

###### 

Yeast strains used in this study.

  Strain    Genotype                                                                                                                                       Source
  --------- ---------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------
  FGY8      *MATa htb1Δ htb2Δ leu2-3,-112 his3-11,-15 trp1-1 ura3-1 ade2-1 can1-100* \[Ycp50*--HTB1*\]                                                     [@B18]
  FGY8.2    FGY8, except \[p413*-HTB1-HA*\] replaces \[Ycp50*--HTB1*\]                                                                                     This study
  FGY8.3    FGY8, except \[p413-*htb1K123R-HA*\] replaces \[Ycp50*--HTB1*\]                                                                                This study
  FGY8.4    FGY8.2, except *rad6*Δ*::klTRP1*                                                                                                               This study
  FGY8.5    FGY8.2, except *bre1*Δ*::LEU2*                                                                                                                 This study
  FGY8.6    FGY8.2, except *set1*Δ*::NatMX*                                                                                                                This study
  FGY8.7    FGY8.6, except *dot1*Δ*::URA3*                                                                                                                 This study
  FGY8.8    FGY8.2, except *dot1*Δ*::URA3*                                                                                                                 This study
  FGY8.10   FGY8.2, except *sir4*Δ*::NatMX*                                                                                                                This study
  FGY8.11   FGY8.3, except *sir4*Δ*::NatMX*                                                                                                                This study
  FGY8.12   FGY8.2, except *sir2*Δ*::NatMX4*                                                                                                               This study
  FGY8.13   FGY8.3, except *sir2*Δ*::NatMX4*                                                                                                               This study
  FGY8.14   FGY8.2, except *sir3*Δ*::NatMX4*                                                                                                               This study
  FGY8.15   FGY8.3, except *sir3*Δ*::NatMX4*                                                                                                               This study
  FGY8.16   FGY8.6, except *sir4*Δ*::klTRP1*                                                                                                               This study
  JHY205    *MAT*a *his3*Δ*1 leu2Δ0 met15Δ0 ura3Δ0 hht1-hhf1::KAN hhf-2hht2::NAT hta1- htb1::HPH hta2-htb2::NAT* pJH33\[*CEN URA3 HTA1-HTB1 HHT2-HHF2*\]   [@B1]
  FGY8.17   JHY205*,* except \[pQQ18-*HTA1-HTB1 hht2K4R-HHF2*\]                                                                                            This study
  FGY8.18   JHY205, except \[pQQ18-*HTA1-HTB1 HHT2-HHF2*\]                                                                                                 This study
  ICY119    FGY8.2, except *LacI-GFP:LEU2 TELVI-R LacO:TRP1*                                                                                               This study
  ICY120    FGY8.3, except *LacI-GFP:LEU2 TELVI-R LacO:TRP1*                                                                                               This study
  ICY123    FGY8.2, except *LacI-GFP:LEU2 TELVIII-L LacO:TRP1*                                                                                             This study
  ICY124    FGY8.3, except *LacI-GFP:LEU2 TELVIII-L LacO:TRP1*                                                                                             This study
  ICY127    FGY8.2, except *LacI-GFP:LEU2 TELXIV-L LacO:TRP1*                                                                                              This study
  ICY128    FGY8.3, except *LacI-GFP:LEU2 TELXIV-L LacO:TRP1*                                                                                              This study
  ICY131    FGY8.2, except *LacI-GFP:LEU2 TELVI-R LacO:TRP1 set1Δ::NatMX*                                                                                  This study
  ICY132    FGY8.2, except *LacI-GFP:LEU2 TELVIII-L LacO:TRP1 set1Δ::NatMX*                                                                                This study
  ICY133    FGY8.2, except *LacI-GFP:LEU2 TELXIV-L LacO:TRP1 set1Δ::NatMX*                                                                                 This study
  W303-1A   *MAT*a *ade2-1 his3-11,15 leu2-3112,trp1-1 ura3-1 can1-100*                                                                                    B. Futcher (Stony Brook University, Stony Brook, NY)
  yWS40     W303-1A, except *rad6*Δ*::klTRP1*                                                                                                              This study
  ICY31     yWS40, except *LacI-GFP:LEU2 GAL1:LacO128:URA3*                                                                                                This study
  ICY74     W303-1A, except *LacI-GFP:HIS3 GAL1:LacO128:URA3*                                                                                              This study
  YM2302    *MAT*α *SIR3-dam::kanMX6 his3Δ1 leu2Δ0 ura3Δ0 lys2Δ0*                                                                                          [@B58]
  YM2312    *MAT*α *SIR3-dam::kanMX6 set1Δ::HIS3MX6 his3Δ1 leu2Δ0 ura3Δ0 lys2Δ0*                                                                           [@B58]
  YM2304    *MAT*α *SIR4-dam::kanMX6 his3Δ1 leu2Δ0 ura3Δ0 lys2Δ0*                                                                                          [@B58]
  YM2313    *MAT*α *SIR4-dam::kanMX6 set1Δ::HIS3MX6 his3Δ1 leu2Δ0 ura3Δ0 lys2Δ0*                                                                           [@B58]
  YM2306    *MAT*α *SIR4pr-dam::kanMX6 SIR4+ his3Δ1 leu2Δ0 ura3Δ0 lys2Δ0*                                                                                  [@B58]
  YM2314    *MAT*α *SIR4pr-dam::kanMX6 SIR4+ set1Δ::HIS3MX6 his3Δ1 leu2Δ0 ura3Δ0 lys2Δ0*                                                                   [@B58]

For imaging telomeres, the indicated yeast strains were transformed with pAFS52-LEXA-LACOR ARS609 (= telVI-R; digested with *Bbs*I), pAFS52-LACOR-VIII-L (digested with *Swa*I), or pAFS52-LACOR-XIV-L (digested with *Bst*EII) ([@B22]; [@B8]) to integrate Lac operator sequences at telomere-proximal positions. For visualization of *GAL1* localization, W303-1a or yWS40 was transformed with p6LacO128-*GAL1* plasmid ([@B5]) that had been digested with *Nru*I. In either case, the gene encoding the GFP-*Lac* repressor was integrated either at *HIS3*, using pAFS144 ([@B52]) digested with *Nhe*I, or at *LEU2*, using pRS305-GFP-LacI digested with *Afl*II. pRS305-GFP-LacI was created by replacing the *HIS3* gene from pAFS144 with the *LEU2* gene from pRS305 using *Aat*II and *Sac*I sites.

To analyze heat sensitivity of strains, cells were grown overnight in liquid yeast extract/peptone/adenine/dextrose (YPAD) medium, and 1:9 serial dilutions prepared in Tris-EDTA, the lowest dilution corresponding to A~600~ = 0.5. Dilutions were then spotted on YPAD plates, or YPAD plates supplemented with 1 M [d]{.smallcaps}-sorbitol (Sigma-Aldrich, St. Louis, MO), and grown at 30 or 37°C, as indicated.

To construct an expression vector expressing the silencing-inactive carboxy-terminal fragment of Sir4 (CTERM; [@B36]), sequences encoding the carboxy-terminal 167 residues of Sir4 were PCR amplified using attB1 and attB2 adapter primers and cloned into the pDONR207 plasmid (Invitrogen, Carlsbad, CA) using the Gateway Cloning System (Invitrogen). The resulting entry clone was then used to transfer SIR4 sequences into the yeast expression vector pVV214 ([@B55]), which carries the potent *PGK1* promoter. Primer sequences are available on request.

Telomere-length determination
-----------------------------

Telomere-length was measured by PCR ([@B29]). Genomic DNA was prepared from the indicated yeast strains and single-stranded telomeric DNA removed by treatment with T4 DNA polymerase. A double-stranded synthetic oligonucleotide (top strand: 5′-CATTTTGCTGCTGCCGGTCATTCGAACCC-3′) was then ligated to the genomic DNA, followed by PCR amplification with an adapter primer (5′-CATTTTGCTGCTGCCGGTCATTCGAACCC-3′) and a telomere VI-R--specific primer (5′-AAATGAGGACTGGGTCATGG-3′). PCR products were resolved by agarose gel electrophoresis and subject to DNA sequencing for validation. Each assay was repeated on at least three different colonies for each strain, with identical results.

Monitoring chromosome location
------------------------------

Imaging of telomeres VI-R, VIII-L, and XIV-L and the activated *GAL1* gene with respect to the nuclear envelope was performed exactly as described ([@B6]). Cells were fixed in methanol, spheroplasted, detergent extracted, and probed with rabbit polyclonal anti-GFP antibody (A-11122, 1:1000 dilution; Invitrogen) to detect the GFP-Lac repressor and an anti-Nsp1 (MCA-32D6, 1:200 dilution; EnCor Biotechnology, Gainesville, FL) monoclonal antibody to stain nuclear pore complexes. Secondary antibodies were Alexa Fluor 594 goat anti--mouse immunoglobulin (IgG) (A-11032, 1:200 dilution; Invitrogen) and Alexa Fluor 488 goat anti--rabbit IgG (A-11008, 1:200 dilution; Invitrogen). Cells were visualized on a Zeiss LSM510 confocal microscope. A single z-slice through each cell with the brightest and most focused anti-GFP spot was collected. Cells in which this anti-GFP spot colocalized with nuclear pore staining were scored as "peripheral" and all other cells were scored as "nucleoplasmic." Data were collected from 30--50 cells for each biological replicate. ChIP analysis, examining interaction of telomere VI-R with nucleoporins (NUPs), was performed with anti-NUP antibody mAB414 (Covance, Berkeley, CA) as described ([@B30]).

Dosage suppressor screen
------------------------

The Yeast Tiling Collection Library developed by the G. Prelich laboratory ([@B27]) was purchased from Open Biosystems (Thermo Biosystems, Huntsville, AL) and DNA isolated on 96-well DNA-binding UNIFILTER plates (Whatman, Piscataway, NJ) as described by the manufacturer. Each clone in the library was individually transformed into FGY8.3 yeast cells using a high-efficiency transformation protocol ([@B19]) in 96-well format. Transformation reactions were pinned onto synthetic complete medium lacking leucine (SCM--LEU) and transformants subsequently grown up and pinned in quadruplicate (384 density) onto YPAD plates for growth at either 30°C (permissive) or 35°C (restrictive). All manipulations were performed using a RoToR HDA Robot (Singer Instrument Company, Watchet, United Kingdom).

Fifty-one library clones appeared to support growth of at least three of four "spots" for each transformation and were scored as positive in the initial screen. These clones were then individually retransformed into FGY8.3 cells and tested in traditional spotting assays for their ability to support growth of yeast at 37°C. Fifteen clones survived this secondary screen. To identify genes within each clone associated with suppression, individual open reading frames (72 in total) from each of the 15 suppressors were PCR cloned using the Gateway System (as described earlier) into vector pVV214 or pVV215 ([@B55]). These clones were transformed into both FGY8.3 (*htbK123R*) and FGY8.6 (Δ*set1*) yeast and transformants analyzed for growth at the restrictive temperature by spotting assays. Primer sequences are available on request.

RNA analysis
------------

Total RNA was extracted from the indicated yeast strains using the hot acidic phenol method ([@B14]) and processed as described ([@B18]). Reverse transcription was performed using random hexamer priming, and cDNA levels quantified by real-time PCR. Levels of transcripts from the heterochromatic *YFR057W* gene were expressed relative to those of the euchromatic *ACT1* locus. Primer sequences are available on request.

RNA sequencing and analysis
---------------------------

Total RNA was extracted from parallel cultures of FGY8.2 (*WT*), FGY8.3 (*htbK123R*), FGY8.10 (***Δ****sir4*), and FGY8.11 (*htbK12R **Δ**sir4*) cells using the RNeasy Mini Kit (Qiagen, Valencia, CA) as described by the manufacturer. Messenger RNA was isolated using the OligoTex mRNA Isolation Kit (Qiagen) and converted into double-stranded, adapter-ligated cDNA using the Illumina (San Diego, CA) mRNA Sample Prep Kit. Adapter-ligated cDNA libraries were then sequenced on an Illumina GAII Genome Analyzer in a single-end 36--base pair run at the Vanderbilt Genome Technology Core. Bowtie software ([@B31]) was used to align reads to the *S. cerevisiae* genome (sacCer2 assembly, June 2008), and rRNA and multialigning reads filtered out prior to analysis. Data were compiled from two distinct sets of biological replicates, and DEGseq software ([@B59]) used to identify statistically significant differentially expressed genes between the mutant and wild-type cells. The level of significance for each gene was calculated using the likelihood ratio test. Genes that had p \< 0.001 were defined as differentially expressed in our data set. To analyze the relative change of each gene in the mutants compared with wild-type yeast, we calculated fold changes in RPKM ([@B37]). RNA-seq data were deposited at the Gene Expression Omnibus database (GSE27934).

GO enrichment analysis ([@B3]) was performed by extracting GO annotations for each gene in the Database for Annotation, Visualization and Integrated Discovery ([@B24]) and searching for functional enrichment via the online tool WebGestalt ([@B15]). WebGestalt uses a hypergeometric test to examine whether a GO term is significantly enriched within genes of interest by comparing the observed versus the expected number of genes in each category. Multiple-testing correction was performed by using the method of [@B4]).

DNA adenine methyltransferase identification
--------------------------------------------

Wild-type and *Δset1* strains expressing *E. coli* DNA adenine methyltransferase (Dam) alone or fused to Sir3 or Sir4 were generously provided by H. Madhani (University of California, San Francisco, San Francisco, CA) ([@B58]). Yeast were grown to A~600~ ∼0.8 and DNA extracted by phenol-chloroform/ethanol precipitation following mechanical disruption. After purification, DNA was either undigested or digested overnight with the restriction enzyme *Dpn*I (New England BioLabs, Ipswich, MA), which cleaves only when the adenine in its consensus site (GATC) is methylated. The percentage of methylated DNA was determined by using real-time PCR---with primers that flank candidate methylation sites---to compare relative signals for each amplicon in digested versus undigested DNA (with methylation of each site scoring as reduced amplification of an amplicon where *Dpn*I-dependent cleavage had occurred). The percentages of methylation by Sir3-Dam or Sir4-Dam in each strain were normalized to their respective strain expressing the unfused Dam protein. Primer sequences are available on request.
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